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ABSTRACT: Incorporation of membrane proteins into nanodevices to
mediate recognition and transport in a collective and scalable fashion remains
a challenging problem. We demonstrate how nanoscale photovoltaics could
be designed using robust synthetic nanomembranes with incorporated
photosynthetic reaction centers (RCs). Specifically, RCs from Rhodobacter
sphaeroides are reconstituted spontaneously into rationally designed
polybutadiene membranes to form hierarchically organized proteopolymer
membrane arrays via a charge-interaction-directed reconstitution mechanism.
Once incorporated, the RCs are fully active for prolonged periods based
upon a variety of spectroscopic measurements, underscoring preservation of
their 3D pigment configuration critical for light-driven charge transfer. This
result provides a strategy to construct solar conversion devices using
structurally versatile proteopolymer membranes with integrated RC functions
to harvest broad regions of the solar spectrum.

SECTION: Biophysical Chemistry and Biomolecules

A key challenge in renewable energy is to capture, convert,
and store solar power with earth-abundant materials and

environmentally benign technologies.1−3 Photosynthesis real-
izes light energy conversion on a grand scale using membrane
proteins (MPs), such as reaction centers (RCs), which
evolutionarily couple their absorption spectra to solar flux4 to
mediate light-driven charge separation across an embedding
lipid bilayer through a three-dimensional (3D) configuration of
pigment cofactors precisely held by a protein framework.5,6 The
use of chlorophyll cofactors derived from photosynthetic
complexes as renewable sensitizers for solar conversion has
attracted much attention.4,7−10 However, hierarchical assembly
of different dye molecules in a 3D configuration at the
nanoscale to mimic the highly efficient light-harvesting and
electron-transfer functions inherent to photosystems has not
been achieved.9−11 Ideally, photosynthetic complexes could be
used as biologically derived high-performance energy materials.
RCs can be expressed in sizable quantities and stably purified
from their cellular environment as detergent-solubilized forms.
Incorporation of RCs into solar energy conversion devices, such
as dye-sensitized solar cells (DSSCs),12 would improve the
photoresponse in the red and near-infrared regions and reduce
reliance on resource-limited dyes.7,12 Photoelectric functions of
detergent-solubilized photosynthetic complexes tethered on
various substrates have been examined,13−18 but harnessing
their light-activated charge separation collectively in a scalable
fashion is contingent on the inclusion of these MPs into a
supporting nanomembrane. RCs have been incorporated into

lipid bilayers for many years,19−21 but the fluidic and labile
nature of lipid bilayers has limited their use in engineered
systems. To overcome these limitations, we have designed
synthetic block copolymers that induce spontaneous recon-
stitution of RCs to form hierarchically organized proteopol-
ymer membrane arrays, which are layered proteopolymer
membranes coupled with 2D rectangular lattices of RCs
embedded in individual membrane layers (Figure 1). The
RCs were shown to be fully active in the nanomembranes using
steady-state and time-resolved spectroscopic probing methods.
The RC from Rhodobacter (Rb.) sphaeroides has three protein

subunits (shown in green, purple, and red in Figure 1, left
panel), which hold 10 cofactors in two quasi-symmetrical
branches (A, B) related to each other via a C2 axis (Figure 1,
right panel).6 The axis runs through an excitonically coupled
bacteriochlorophyll (BChl) dimer (PA, PB) that serves as an
electron-hole-pair generator and an iron atom across the
protein. The other two BChls (BA, BB), bacteriopheophytins
(BPheos; HA, HB) and quinones (QA, QB), spread along the
two branches symmetrically. A single carotenoid (Crt) cofactor,
associated with the B branch, provides photoprotection.22

Light-induced electron transfer occurs along the A branch from
P to QA (red arrows in Figure 1) in ∼200 ps with 100%
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quantum efficiency and produces a stable (lifetime ∼0.1 s)
electron-hole-pair (i.e., P•+QA

•−) across the RC-supporting
membrane with a large open-circuit voltage (∼0.7 V). This
highly efficient photovoltaic function has great potential in
engineered systems that could make use of the spontaneous
and functional reconstitution of RCs into synthetic membranes,
as described below.
Previously, we developed a charge-interaction-directed

reconstitution (CIDR) method23,24 to induce spontaneous
and functional reconstitution of proteorhodopsin, a light-driven
proton pump consisting of seven transmembrane helices and
one cofactor,25 into amphiphilic block copolymer membranes
with different membrane moduli.26,27 These findings differ from
other proteopolymer studies that focused on fluidic polymer
membranes in a viscous-flow state28−31 and suggest a different
mechanism of reconstitution: while conventional MP recon-
stitution approaches rely critically on detergent or mechanical
means to destabilize membranes followed by a delicate
detergent removal process,28−32 CIDR occurs spontaneously
and needs no external help.23,24,26,27

We synthesized two well-defined amphiphilic triblock
copolymers, PBD22-b-(P4MVP28)2 and PBD56-b-(P4MVP29)2,
which self-assemble in water into liposome-mimicking polymer-
somes (see the Supporting Information, SI). Increasing the
membrane-forming block from PBD22 to PBD56 enlarges the
membrane thickness from 31 to 49 Å and drives a transition of
the PBD chain motion mode from Rouse dynamics to
entanglement release,26 which further strengthens the mem-
brane. Because the isoelectric point of RCs solubilized using
lauryl dimethylamine oxide (LDAO) is 6.1,33 CIDR was
performed at pH = 8, where the two extramembrane regions of
RCs are anionically and asymmetrically charged. The oppositely
charged polymersome membranes induce spontaneous recon-
stitution of RCs into condensed proteopolymer complexes
without using any external means for detergent removal. The
condensed proteopolymer complexes are separated from the
rest of the supernatant for structural characterizations and
functional assays. Using a transmission electron microscope
(TEM), a striking morphological transition from spherical
polymersomes to a multilamellar structure with a periodicity of
∼75 Å is revealed in both complexes (Figure 2b,c). This
spacing does not physically fit any forms of random flocculation
between polymersome membranes and LDAO-solubilized RCs.
The spacing is attributed to stacked proteopolymer membrane
arrays of reconstituted RCs as RCs have a transmembrane
dimension of 70 Å34 and polymersome membranes are known
to accommodate the dimension of reconstituted MPs via

hydrophobic matching.35 The success of CIDR was further
confirmed by synchrotron small-angle X-ray scattering (SAXS)
studies (Figure 2a): besides two harmonics (black arrows)
revealing a multilamellar structure spaced 78 Å apart (q001 =
0.081 Å−1) that agrees well with TEM, in-membrane RC
correlations are clearly discernible (blue arrows). These peaks
are fitted best with a rectangular lattice of a = 142 Å and b = 72
Å (shown schematically in Figure 1). Note that a set of its first
nine peaks (up to q42, inset) is clearly resolved with a consistent
full width at half-maximum (FWHM, ∼0.020−0.025 Å−1) and
form factor, although q10 is shadowed by strong scattering in
the vicinity of the beam stop and appears weak. To the best of
our knowledge, this is the first observation that RCs can be
spontaneously reconstituted into a 2D lattice in block
copolymer membranes. This 2D proteopolymer lattice is
surprisingly similar to the basal plane of various forms of RC
3D crystals,36 suggesting a consistent packing arrangement
defined by the protein itself.
We examined whether the polymersome membranes, which

are much more robust than lipid bilayers37 yet still flexible due
to the low glass transition temperature of PBD (Tg

PBD ≈ 218
K),38 would incorporate RCs that retain their structural and
functional states. The spectral characteristics of RCs depend
critically on the 3D configuration of cofactors and hence can be
used as sensitive indicators of any change in the pigment
organization or interactions with the protein environment. The
three distinct maxima at 865, 804, and 760 nm in the steady-
state absorption spectra arise from the BChl dimer P, BChl

Figure 1. Schematic representations show a 2D rectangular
proteopolymer lattice (left) with spontaneously reconstituted RCs
from Rb. sphaeroides and a 3D arrangement of the 10 cofactors
precisely held by individual RCs embedded across the membrane
(right). The RC-supporting polymer membranes consist of
amphiphilic triblock copolymers (represented as curved strings with
hydrophobic middle blocks in yellow and hydrophilic end blocks in
white). The L, M, and H subunits of RCs are represented in green,
purple, and red, respectively. The 10 cofactors within individual RCs
are represented in stick models with different colors.

Figure 2. CIDR of RCs from Rb. sphaeroides in PBD-based
polymersome membranes. (a) Synchrotron SAXS of proteopolymer
complexes comprised of RCs and PBD22-b-(P4MVP28)2. The
scattering data (○) are fitted to resolve a background (gray dashed
line) and two sets of structural features: a multilamellar proteopolymer
membrane (black dotted peaks, q001 = 0.081 Å−1) and a 2D rectangular
RC lattice within individual membranes (blue dotted peaks centered at
0.044, 0.086, 0.099, 0.123, 0.158, 0.179, 0.199, 0.22, and 0.25 Å−1,
corresponding to q10, q01, q11, q21, q31, q12, q22 (or q41), q32, and q42,
respectively). (Inset) A blow-out of the q = 0.14−0.3 Å−1 range.
Summation of fitted contributions (green solid line) overlaps nicely
with the scattering data. TEM confirms similar multilamellar
proteopolymer complexes comprised of (b) RCs and PBD22-b-
(P4MVP28)2 and (c) RCs and PBD56-b-(P4MVP29)2 (scale bar: 50
nm).
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monomers, and BPheos, respectively (Figure 3a). These
features are identical for wild-type (WT) RCs solubilized
using LDAO (black trace), WT-NA chromatophores (blue),
that is, antenna-less RC-containing membrane fragments, as
well as RCs reconstituted in PBD22 (green) and PBD56
membranes (red). This suggests that the pigment−pigment
and pigment−RC interactions are not disrupted when RCs are
reconstituted into block copolymer membranes and that the
polymer membranes provide an excellent amphiphilic environ-
ment to stabilize the RC complexes.
The light-minus-dark difference optical absorption spectra of

RCs were also compared (Figure 3b). Terbutryn was added to
block electron transfer from QA to QB; therefore, only the
P•+QA

•− state was formed upon illumination. For each of the
samples, we observed the same P•+QA

•− formation (solid line);
generation of the P•+ species causes a loss of absorbance at 865
nm, and the presence of QA

•− results in electrochromic shifts of
the BChls and BPheos. We confirmed the complete reversibility
of this charge separation (P•+QA

•− → PQA) in all cases after
light was removed (dashed line). The proteopolymer
membranes were fully active for several weeks during their
storage in the dark.
Electron paramagnetic resonance (EPR) spectroscopy is a

sensitive measure of the oxidized state of the primary electron
donor P•+. The magnetic field was calibrated using isolated WT
RCs as a g value standard at 2.0026.39 The continuous wave
(CW) EPR spectra in all preparations show a narrow signal (10
G) with the same g value, within the error (±0.0003), as WT
RCs (Figure 3c); this demonstrates an unaltered electronic
structural arrangement of P in the proteopolymer membranes.
To examine whether the RC-mediated electron-transfer

pathway is membrane-dependent, we applied ultrafast transient
absorption spectroscopy to characterize the RCs in WT-NA
chromatophores and PBD membranes (Figure 4). The spectra
measured 0.5 ps after illumination (dashed lines) represent a
typical spectral profile of the excited state P*, dominated by a
bleaching at 870 nm that extends to the 920 nm region.40 The
initial electron transfer from P* forming P•+HA

•− has been
shown to be multiexponential in the WT RCs,40,41 with time

constants of 2.8−3.5 and 10−12 ps, or a single exponential
lifetime of 3−5 ps. Because sodium dithionite was added to
prereduce QA, the final state is P

•+HA
•−, which lives for 10−20

ns,40 and the spectra measured at 100 ps (solid lines) consist of
features well-documented for that state,42 as confirmed by an
analysis using evolution-associated difference spectra (Figure
S2, SI). We could not detect the small population of transient
state P•+BA

•− because the P•+BA
•− → P•+HA

•− reaction is faster
than that for P* → P•+BA

•− (1 versus 3 ps).43 For the PBD56
membranes, the absorption change at 910 nm does not recover
to zero, resulting in an increased contribution from P•+ at that
wavelength; the signal does recover to zero at wavelengths
longer than 917 nm. These essentially identical spectra of RCs
embedded in native and different synthetic membranes suggest
that the RC-mediated electron-transfer properties are insensi-
tive to variations of supporting membranes.
We examined whether the light-driven, cross-membrane

charge separation is regulated by RC-supporting membranes
using time-resolved spectroscopy to track the electron-transfer
kinetics when P and the BChl monomers were excited with 600
nm light (Figure 5). The kinetic traces at 910 nm represent

mainly the decay of P*. As energy transfer from the BChl
monomers to P takes ∼100 fs,40 the P* population was fully
developed within 200 fs, as seen by a rapid loss of absorbance in
the 910 nm kinetic trace. The recovery of the bleaching signal
at 910 nm is accompanied by a bleaching increase at 805 nm
due to the BA ground-state absorbance shift, resulting from

Figure 3. Characteristic spectra of RCs are similar when solubilized by
LDAO (black) and embedded in WT-NA chromatophores (blue),
PBD22 membranes (green), and PBD56 membranes (red). (a) Steady-
state absorption spectra. (b) Light-minus-dark difference optical
absorption spectra (solid line: illuminated; dashed line: 3 min after
light removed). (c) Light-induced EPR spectra. All spectra have been
normalized.

Figure 4. Transient absorption light-minus-dark spectra of RCs in (a)
WT-NA chromatophores and (b) PBD22 and (c) PBD56 membranes
recorded at 0.5 (dashed lines) and 100 ps (solid lines) after
illumination with a saturating laser pulse.

Figure 5. Kinetics traces of RCs in (a) WT-NA chromatophores and
(b) PBD22 and (c) PBD56 membranes recorded at 910 (triangles), 805
(diamonds), and 830 nm (circles). Lines are theoretical fits by
ASUFIT (see the SI for details).

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz402766y | J. Phys. Chem. Lett. 2014, 5, 787−791789

http://pubs.acs.org/action/showImage?doi=10.1021/jz402766y&iName=master.img-003.jpg&w=239&h=166
http://pubs.acs.org/action/showImage?doi=10.1021/jz402766y&iName=master.img-004.jpg&w=234&h=146
http://pubs.acs.org/action/showImage?doi=10.1021/jz402766y&iName=master.img-005.jpg&w=239&h=113


formation of P•+HA
•− from P* via P•+BA

•−.43 The P*
stimulated emission decay, as well as the kinetics at 805 nm,
is very similar in all samples. The kinetics at 830 nm show that
there was no P recovery or no change in the P•+HA

•−

population up to hundreds of ps, indicating that there is no
yield loss during electron transfer for RCs embedded in both
native and synthetic nanomembranes.
In summary, we demonstrate that spontaneous reconstitu-

tion of the RCs from Rb. sphaeroides, a photosynthetic complex
comprised of 3 protein subunits and 10 cofactors, into block
copolymer nanomembranes of different moduli is achieved via
the CIDR mechanism. We show unambiguously that the
structural and functional integrity of the RCs is maintained in
the proteopolymer membranes. While MP-supporting lipid
bilayers are recognized as allosteric regulators for MP
functions,44−46 the RCs are fully functional in the synthetic
membranes, underscoring preservation of their 3D pigment
configuration critical for light-driven charge transfer and
suggesting that other MPs can be incorporated similarly into
robust synthetic membranes in a fully functional form.
Compared to previous studies on segregated, disordered
photosynthetic complexes deposited on various substrates,
spontaneous reconstitution of light conversion RCs into
ordered proteopolymer nanomembranes is a significant step
forward. It enables directed assembly of scalable photovoltaic
nanomembranes on various engineered devices using oriented
RCs tethered on electrodes as templates, as has been shown
previously for reconstitution of supported cytochrome c oxidase
in lipid bilayers.47 This approach allows the use of robust and
structurally versatile block copolymers in place of lipid bilayers
to stabilize and interface RCs with a supporting substrate in
desirable proteomembrane configurations for efficient electron
transfer,13−18 and provides the opportunity to create photo-
electrical or photochemical devices that harness RC functions
collectively for conversion of solar energy through an enhanced
spectral region.
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